the tumor suppressor p53 is involved in the DnA damage response and induces cell cycle arrest or apoptosis upon DnA damage. Drosophila p53 encodes two isoforms, p53A and p53B, that induce apoptosis in somatic cells. to investigate the roles of Drosophila p53 isoforms in female germline cells, the DnA damage response was analyzed in the adult ovary. early oogenesis was sensitive to irradiation and lok-, p53-, and hid-dependent cell death occurred rapidly after both low-and high-dose irradiation. Both p53 isoforms were responsible for this cell death. on the other hand, delayed cell death in midoogenesis was induced at a low level only after high-dose irradiation in a p53-independent manner. the daily egg production, which did not change after low-dose irradiation, was severely reduced after high-dose irradiation in p53 mutant females due to the loss of germline stem cells. When the p53A or p53B isoform was expressed in the germline cells in the p53 mutant females at levels that do not affect normal oogenesis, p53A, but not p53B, restored the fertility of the irradiated female. in summary, moderate expression of p53A is critical to maintain the function of germline stem cells during normal oogenesis as well as after high-dose irradiation.
. Cell death increases after irradiation in Drosophila ovaries. Wild type adult females were irradiated and dying cells in the ovary were detected by TUNEL staining. (a) Schema of the Drosophila p53 mRNA and protein isoforms. Four p53 RNA transcripts (left) predicted by the current p53 gene annotation from Flybase are shown. Exons are indicated with boxes and the predicted open reading frames and 5′ or 3′ UTRs are indicated in orange and gray, respectively. The DNA regions deleted in p53 mutants are shown below. The transcriptional transactivation domains (TAD), DNA binding domain (DBD), and oligomerization domain (OD) of each p53 isoform are shown (right). The N-terminal regions with unique amino acid sequences are indicated with different colors. The amino acid regions recognized by the p53 antibodies (S1, d200, E5, and H3) are indicated above. (b) The percentages of TUNEL-positive germarium were counted 6 h after irradiation at the indicated doses. The values are the mean ± standard deviation (SD) of three independent experiments (*p < 0.05). At least 192 ovarioles in total were counted for each dose. (c) Representative images of TUNEL-positive (red) germarium 6 h after 3 Gy irradiation are shown. DAPI (blue) and Orb (green) staining shows DNA and germline cells in the germarium region 2 and 3, respectively. (d) The percentage of ovariole containing TUNELpositive germline cells in the germarium or egg chambers at stage 7-10 were counted. In the case of follicle cells, the egg chambers containing more than 4 TUNEL-positive follicle cells at stages 2-6 (St. [2] [3] [4] [5] [6] or at stages 7-10 (St. 7-10) were counted. The values are the mean ± SD of three independent experiments (ns p > 0.05, **p < 0.01). At least 290 ovarioles or 330 egg chambers for follicle cell death in total were counted. (e) Ovarioles containing TUNEL-positive germline cells in the germarium or stage 7-10 egg chambers were counted at 0, 2, 4, 6, 8, 12, 24, and 48 h after 3 Gy irradiation. The values are the mean ± SD of three independent experiments. At least 160 ovarioles in total were counted for each time point.
Since the discovery of p53 isoforms, various studies have been performed to identify the specific functions of each isoform. When the p53A and p53B isoforms are overexpressed at the same protein level in the larval disc cells by targeted integration of the transgene, both p53A and p53B induce apoptosis, while a smaller isoform, p53E, inhibits irradiation-induced apoptosis 9 . When a BAC clone specifically affecting each isoform was used for rescue analysis, p53A, but not p53B, was primarily required for DNA damage-induced apoptosis by inducing hid gene expression in the larval disc cells 9 . In addition to the mitotically dividing somatic cells mentioned above, the role of the p53 isoforms in endocycling cells, where cell death is normally repressed, has been reported 10 . In this cell type, the overexpression of p53B, but not p53A, induces cell death. In male germline cells, p53 is required for programmed necrosis which occurs in mitotic germ cells in the absence of stress 11 . On the other hand, relatively less is known about the role of p53 isoforms in female germline cells.
In this study, we investigated irradiation-induced cell death during oogenesis and the role of p53 isoforms in the Drosophila germline cells after low-and high-dose irradiation. We found that IR-induced cell death occurs at two developmental stages of oogenesis, depending on the irradiation doses. Using transgenic flies expressing p53 isoforms, we found that the expression level of p53A, but not p53B, should be maintained at low levels to support normal oogenesis in the absence of stress. In response to DNA damage, both p53 isoforms restored IR-induced apoptosis during early oogenesis. Moreover, the p53A rather than the p53B isoform was responsible for maintaining the function of GSCs after high-dose irradiation.
Results
Low-dose irradiation induces cell death during early oogenesis in Drosophila female. Previously, we have shown that high-dose irradiation induces rapid and massive germline cell death during early oogenesis followed by a slow and lower amount of cell death during mid-oogenesis 6 . To understand radiation-induced cell death during Drosophila oogenesis in greater detail, adult females were treated with different doses of IR. TUNEL-positive dying cells in the germarium region 2 increased in a dose-dependent manner (Fig. 1b ,c). Cell death was slightly but significantly increased 6 h after irradiation at as low as 0.3 Gy (14.9% compared to 7.3% of untreated sample, p < 0.05). To facilitate detection, low-dose irradiation was performed after 3 Gy irradiation, which induced cell death in half of the germarium (Fig. 1b,e ). These results were compared with those of highdose irradiation at 40 Gy. The maximum level of cell death was detected in the germarium 8 h after 3 Gy irradiation and was reduced to basal levels 48 h after irradiation. Conversely, cell death was not increased in stage 7-10 egg chambers until 72 h after irradiation ( Fig. 1e and data for 72 h not shown), at which time significant cell death was observed after 40 Gy 6 . Similar to high-dose irradiation 6 , 3 Gy irradiation induced cell death in mitotically dividing somatic follicle cells at stages 2-6, but not in endocycling follicle cells at stages 7-10 ( Fig. 1d ). Therefore, low-dose irradiation induced rapid cell death in early oogenesis and mitotically dividing follicle cells as with high-dose irradiation but did not induce delayed degeneration of mid-stage egg chambers, suggesting that early oogenesis is more sensitive to DNA damage than mid-oogenesis. lok, p53, and hid are required for iR-induced cell death in early oogenesis. IR-induced apoptosis in Drosophila somatic cells requires the Drosophila ortholog of Chk2 (lok) 12 and p53 (p53) 13 . Additionally, proapoptotic genes such as reaper and hid, which are induced by p53, are also required for cell death and the contribution of each gene depends on cell context. In our previous study, we investigated whether the same signaling pathway was induced in the germline cells and found that 40 Gy-induced cell death in the germarium required p53 and lok 6 . To further develop this finding, we investigated the cell death in the mutant germarium 6 h after 3 Gy. Cell death was increased in the reaper mutant but not in the lok, p53, and hid mutants, suggesting that lok, p53, and hid, but not reaper, are necessary for low-dose IR-induced cell death in the germarium ( Fig. 2a ). We also found that hid is required for IR-induced cell death in the germarium when irradiated at 40 Gy ( Fig. S1 ). Therefore, lok, p53, and hid are required for cell death of the germline cells in the germarium after both low-and high-dose irradiation. To test if hid transcription is induced by p53 in the ovary after 40 Gy irradiation, RNA fluorescent in situ hybridization (FISH) and protein immunofluorescence (IF) double labeling was performed. When Dig-labeled anti-sense hid RNA was used as a probe, the hid transcript was increased in wild type germarium and egg chambers but not in p53 mutant after irradiation (Figs 2b and S2a). The signal was not detected before and after irradiation with a sense probe ( Fig. S2b ). These results suggest that irradiation-induced cell death in the germarium occurs through p53-dependent transcriptional activation of the hid gene. It is interesting to note that the hid transcript is induced in the entire germarium, suggesting that post-transcriptional regulation of hid is necessary for region 2-specific cell death after irradiation.
Poor nutrition also induces cell death in early and mid-oogenesis and p53 has been shown to be dispensable for cell death in mid-oogenesis 14 . To confirm and extend the genetic requirements of cell death induced by poor-nutrition, we tested whether cell death occurs in lok and p53 mutant ovaries. In contrast to irradiation, starvation of lok and p53 mutant females significantly increased cell death in the germarium (p < 0.001 and p < 0.01, respectively) and stage 7-10 egg chambers (p < 0.05 and p < 0.01, respectively) ( Fig. 2c ). This result suggests that different signaling pathways are utilized to induce cell death in the germarium depending on the nature of the stimuli: poor nutrition or DNA damage. We also found that the basal level of cell death in the germarium and stage 7-10 egg chambers was significantly increased in p53 E4 (p < 0.001), rpr 87 (p < 0.001), and lok p6 (p < 0.01), respectively. Increased cell death in the germarium in p53 E4 does not appear to be induced by the lack of p53 protein since it was not observed in the null mutant, p53 5A- [1] [2] [3] [4] , that disrupts all isoforms (Figs 1a and 2a ). The role of rpr and lok in early and mid-stage cell death remains to be studied.
In the mitotically dividing somatic cells in Drosophila, cell death induced by high-dose irradiation occurs in two phases 15 : p53-dependent rapid cell death at high levels followed by slow lower-level cell death that occurs in a p53-independent manner. To test whether the delayed cell death in the germline cells by high-dose irradiation is also p53-independent, time-course analysis of TUNEL staining was performed in the wild type and p53 5A- [1] [2] [3] [4] Scientific RepoRtS | (2019) 9:11473 | https://doi.org/10.1038/s41598-019-47913-y www.nature.com/scientificreports www.nature.com/scientificreports/ mutant after 40 Gy irradiation. Similar to the finding in the somatic cells, the rapid high-level cell death that was observed in the wild type germarium at 6 h post-irradiation ( Fig. 2d solid line with closed circle) was not detected, whereas low level delayed cell death at 24-48 h after irradiation was observed in the p53 5A-1-4 mutant germarium ( Fig. 2d dotted line with open circle). Additionally, the slow and low-level cell death at the stage 7-10 egg chambers that was detected only after high-dose irradiation still occurred in the p53 5A-1-4 mutant ( Fig. 2d dotted line with open triangle, p > 0.05 at 48 h and 72 h compared to wild type). These results suggest that three different signaling pathways are activated in the ovary during two developmental stages in response to high-dose irradiation to remove damaged germline cell: p53-dependent, rapid, and high-level cell death followed by p53-independent, slow, and lower-level death occurs in the germarium region 2 and p53-independent, slower, and lower-level death occurs at stage 7-10.
Role of p53 isoforms in iR-induced cell death.
Although the RNA-seq data suggests that the p53B mRNA is expressed throughout Drosophila development 8 , endogenous p53B protein has not been reported. To determine the expression pattern of various p53 isoforms during development, we performed developmental western blotting using p53 E5 antibody, which recognizes the p53A, p53B, and p53E isoforms (Fig. 1a ). The p53A isoform (with a molecular weight of 44 kDa) that was not detected in the p53 mutant ovaries was observed throughout the developmental stages with relatively higher levels in the early embryo and the adult ovaries ( Fig. 3a ). On the other hand, no specific band corresponding to the p53B or p53E (with a molecular weight of www.nature.com/scientificreports www.nature.com/scientificreports/ 56 kDa and 38 kDa, respectively) isoforms was detected, suggesting that the p53A is the major isoform expressed throughout development. To determine whether the p53B and p53E isoforms are expressed in the ovary, RT-PCR analysis was performed with total RNA isolated from the wild type and p53 5A-1-4 mutant ovaries. Using primers that specifically amplify each isoform ( Fig. 3b lanes; 1, 2, and 3 ), the p53B transcript was detected in the wild type . Expression of p53A and p53B can rescue IR-induced germline cell death in the p53 mutant germarium. (a) Lysates were generated from the embryos of the indicated ages, first, second, third instar larvae (1 L, 2 L, and 3 L), pupae, adult males and females, and testis and ovaries from the wild type or p53 mutants. The monoclonal antibody E5, which recognizes p53A, p53B and p53E was used. Bands corresponding to the p53A isoform are indicated by an arrow. Other bands, including the ones indicated by asterisks, appear to be a nonspecific or degradation product of p53 protein. The membrane was stripped and reprobed with anti-α-Tubulin as a loading control. (b) To determine expression levels of the p53B and p53E transcripts, reverse-transcription PCR analysis was performed using total RNA preparation from ovaries of wild type and p53 mutant flies. UASp constructs containing the cDNA of each p53 isoform were used as controls. (c) Western blot of ovaries from wild type or transgenic flies expressing the indicated p53 isoform in the p53 5A-1-4 mutant. Two independent UASp-p53 insertion lines (446 and 450 for p53A, m6 and m63 for p53B) were used for each isoform. The blot was probed with anti-p53 H3 antibody followed by anti-α-Tubulin antibody. The band corresponding to each isoform is indicated. A signal indicated with * may be a degradation product of p53B isoform. (d) Transgenic lines expressing each p53 isoform in the p53 5A-1-4 mutant germline cells were tested for IR-induced cell death in the germarium by staining with antibody against cleaved Dcp-1 (cDcp-1). The values are the mean ± SD of three independent experiments (ns p > 0.05, *p < 0.05, ***p < 0.001). At least 200 germariums in total were counted for each sample except for p53A(450) rescued flies (48 and 76 germariums for 0 Gy and 40 Gy, respectively). Uncropped gels and blots are shown in Supplementary Fig. S5 . (2019) 9:11473 | https://doi.org/10.1038/s41598-019-47913-y www.nature.com/scientificreports www.nature.com/scientificreports/ but not in the p53 5A-1-4 mutant ovaries after 30 cycles of amplification ( Fig. 3b, upper panel) . On the other hand, the p53E transcript was not detected even after 40 cycles of amplification (Fig. 3b, middle panel) .
Since p53E was not detected by RT-PCR in the ovary, we focused on the functions of the p53A and p53B isoforms during oogenesis after irradiation. After expressing each p53 isoform in the ovary using germline-specific GAL4 (GAL4-NosVP16) in p53 5A-1-4 background, the expression level of each transgene from two independent transgenic lines was analyzed. Compared to the endogenous p53A protein in the ovary, the expression level of p53A and p53B transgene was approximately 14~23-and 5~6-fold higher, respectively (Fig. 3c ). When p53A was expressed by GAL4-NosVP16 in a p53 mutant background and stained with antibody against Vasa, which detects germline cells, severe morphological defects were observed, most likely due to toxicity. We counted the cell death phenotype only in the germariums that showed an apparently normal Vasa staining pattern. In response to irradiation, lack of cell death in p53 5A-1-4 mutant germarium was rescued by the expression of p53A and p53B (Fig. 3d ), suggesting that both p53A and p53B isoforms can support IR-induced germline cell death in the germarium.
Biochemical characterization of Drosophila p53 isoforms. In the mitotically dividing somatic cells, the mRNA and protein levels of Drosophila p53 are increased after irradiation, but protein stability is not increased due to lack of the MDM2 ortholog in Drosophila 10 . To test whether the p53A or p53B protein levels in the germline cells are changed after irradiation, we used p53 mutant flies expressing the p53A or p53B isoform in the germline cells by GAL4-NosVP16. Neither the p53A nor p53B protein levels were markedly increased after irradiation ( Fig. 4a ), suggesting that irradiation does not induce Drosophila p53 protein stabilization in the germline cells.
In addition to protein stabilization, the tetramerization of p53 is also important for the transcriptional activation of p53 16 . Similar to human p53, the Drosophila p53 isoforms, both p53A and p53B, contain oligomerization domain, which has been shown to form tetramers 17 . To test whether p53A and p53B can form a heterotetramer, we developed a polyclonal antibody S1 that could specifically interact with p53A but not with p53B. We also generated p53 mutant flies that could express either p53A or p53B alone or the two isoforms together using GAL4-NosVP16 driver. Immunoprecipitation analysis of the ovary lysates confirmed that the p53A-specific antibody (S1) could precipitate p53A but not p53B ( Fig. 4b lanes 2, and 5 ). When the S1 antibody was used to precipitate p53 in the flies expressing both p53A and p53B, the p53B isoforms were pulled down, confirming that p53A and p53B could form a complex ( Fig. 4b lane 8 ).
Role of p53 isoforms in egg production of irradiated females.
To test the role of p53 isoforms during oogenesis after irradiation, we compared the egg production of females after 3 and 40 Gy irradiation. The wild type females irradiated at 3 Gy showed slightly reduced egg production compared to the non-irradiated females until 11 days after irradiation (Fig. 5a ). Interestingly, the large reduction of egg production observed in the females between 3-4 days after 40 Gy irradiation was not detected in the 3 Gy-irradiated females. This may be due to cell death in stage 7-10 egg chambers, which was induced after irradiation at 40 Gy but not at 3 Gy. In the 3 Gy-irradiated p53 5A-1-4 mutant females, daily egg production was not significantly different from that of the unirradiated females (p > 0.05) ( Fig. 5b ), suggesting that reduced egg production in the 3 Gy-irradiated wild type females may be due to p53-dependent cell death. After 40 Gy irradiation, the reduction in egg production 3 days after irradiation in the p53 5A-1-4 mutant females was never recovered and continued to decrease (Fig. 5b ). In the p53 5A-1-4 mutant females expressing the p53A isoform by Gal4-NosVP16, we could not conclude whether p53A could restore the egg production after irradiation since the daily egg production was severely reduced expressing p53A or p53B isoforms in the germline cells were irradiated at 40 Gy. Ovary extracts were generated 1 h after irradiation and western blotting was performed. The representative images are shown. After normalizing to the loading control α -Tubulin, the p53 protein levels after irradiation is indicated below the blot by setting each p53 isoform level from non-irradiated control as 1. (b) p53A or p53B protein was expressed individually or together in the germline cells of p53 E4 mutant using GAL4-NosVP16 driver. The ovary extract was used to precipitate p53A isoform using the p53 S1 antibody, which recognizes p53A, not p53B. Immunoprecipitation with p53 d200 antibody, which recognizes both p53A and p53B, was used as a control. Western blotting was performed using the p53 E5 antibody. Lanes with "-" indicate the input. The short and long exposures of the images are shown. Uncropped blots are shown in Supplementary Fig. S5 . even in the absence of irradiation (Fig. 5c ). When p53 5A-1-4 mutant females were rescued by the NosVP16-driven p53B isoform, daily egg production after 3 Gy-irradiation was slightly reduced compared to unirradiated female similar to wild type females (Fig. 5d ). In response to 40 Gy irradiation, the egg production that was decreased 3 days after irradiation remained low until day 7, but gradually increased by day 11 (Fig. 5d ). These results indicate that the p53B isoform can rescue the changes in egg production in p53 mutant females after low-and high-dose irradiation.
Moderate level expression of p53A and p53B isoform can restore loss of germline stem cells (GScs) in the p53 mutant after high-dose irradiation.
Since high levels of p53A isoforms were found to affect normal oogenesis, we attempted to reduce the expression level using another germline-specific driver, GAL4-NosNGTA. By altering transgene dosages, the expression level of the p53A isoform in the p53 mutant background was reduced to 5-49% of the endogenous p53A levels in the wild type ovary (Fig. 6a ). Even though the expression level of p53A was reduced to 5% of that of endogenous p53A, NosNGTA-driven p53A was functional because it was able to restore the lack of cell death 6 h after irradiation in the germarium (Fig. 6b) .
To confirm whether the changes in egg production represent loss of GSCs, we counted the number of GSCs after high-dose irradiation. The GSCs were identified as a germline cells at a close vicinity to the cap cell and were found to contain round fusomes by staining with VASA (germline cells), 1B1 (fusome), and Lamin C (cap cells) antibodies. In the absence of irradiation, the number of GSCs in the p53 5A-1-4 mutant, and the p53 5A-1-4 mutant expressing p53A or p53B was not significantly different from that of the wild type (Fig. 6c ). Six days after 40 Gy irradiation, the number of GSCs in the wild type germarium was not significantly different from the untreated control (0 Gy: 2.0 vs 40 Gy: 1.7, Fig. 6c ). On the other hand, the number of GSCs in the p53 5A-1-4 mutant was significantly decreased from 1.7 to 0.6 at 6 days after irradiation (p < 0.05) suggesting that reduced egg production in the irradiated p53 5A-1-4 mutant females is due to the loss of GSCs. To test which p53 isoform is involved in this process, we used two transgenic lines expressing p53B by GAL4-NosVP16 and four transgenic lines expressing p53A by GAL4-NosNTGA. The number of GSCs after irradiation in these flies were 1.9-2.9-fold higher (3.1-fold higher in wild type) than that of the p53 5A-1-4 mutant, suggesting that both p53A and p53B can partially rescue loss of GSCs after irradiation when expressed at moderate levels. It is interesting to note that the number of GSCs in the irradiated wild type and the p53 5A-1-4 mutant expressing p53B were restored to untreated level by day 6 after www.nature.com/scientificreports www.nature.com/scientificreports/ irradiation ( Fig. 7 lower panel) . When p53 5A-1-4 mutant females were irradiated, the fertility was not increased at 4-15 days and remained low supporting the previous findings that high-dose irradiation reduces the egg production and the number of GSCs in the p53 5A-1-4 mutant (Figs 5b and 6c ).
In the case of the p53 5A-1-4 mutant expressing p53A more than 30% of endogenous p53A, the fertility in the absence of irradiation was severely lower than that of the wild type ( Fig. 7 last two genotypes in the upper panel). This result suggests that the GSCs in these flies are not functional and the amount of p53A protein should be maintained at low levels to support normal oogenesis. The expression of p53A at 5% of the endogenous p53A levels was able to support normal oogenesis in the absence of irradiation and could partially restore the fertility of the p53 5A-1-4 mutant female after irradiation (4.7 and 5.3-fold higher than p53 5A-1-4 mutant compared to 6.3-fold higher in the wild type, Fig. 7 5 th and 6 th genotypes). However, expression of p53B, which showed normal oogenesis without stress, was not able to restore the fertility (0.8-and 0.9-fold less than p53 5A-1-4 mutant, Fig. 7) . These results suggest that both p53A and p53B isoforms could maintain the number of GSCs after high-dose irradiation, but the GSCs maintained by p53A, not by p53B, was functional to produce progeny.
Discussion
To understand the role of p53 isoforms in germline cells, we investigated the cellular response of germline cells during Drosophila oogenesis after low-and high-dose irradiation. We found that IR-induced apoptosis occurs at two developmental stages of oogenesis through different mechanisms. Rapid and high-level apoptosis is induced during early oogenesis in the germarium region 2 involving lok, p53A, p53B, and hid in response to both low-and high-dose irradiation. Mid-oogenesis was relatively resistant to irradiation and slow and low-level cell death was induced in a p53-independent manner only after high-dose irradiation. The expression levels of the p53 isoforms have distinct effects on oogenesis in the absence and presence of DNA damage. First, the expression level of p53A, but not p53B, should be maintained at a low level to support normal oogenesis in the absence of stress. Second, both p53 isoforms were able to induce IR-induced apoptosis during early oogenesis. Third, both p53A and p53B isoforms could restore the number of GSCs after high-dose irradiation. Lastly, the p53A rather than the p53B isoform was responsible for maintaining the function of GSCs after high-dose irradiation.
During normal development, cell death occurs in nurse cells at the late-stage of oogenesis (stages [12] [13] [14] . Additionally, cell death can be induced in a stage-specific manner at early-and mid-oogenesis in response to developmental abnormalities or environmental stress such as poor nutrition 18 . We found that irradiation also Figure 7 . The expression of the p53A isoform at low levels restores the loss of fertility in the p53 5A-1-4 mutant after high-dose irradiation. The adult female flies of the indicated genotypes were irradiated at 0 or 40 Gy and incubated with non-irradiated males. The adults were transferred to new vials every 24 h. The fertility was scored by the number of pupae produced 7-8 days after the adults were removed. The data represent the mean ± SD of the number of pupae produced per day by a single female during the indicated period after irradiation of at least two independent experiments (ns p > 0.05, *p < 0.05, **p < 0.01). The transgenes were used as hemizygous (1×) or homozygous (2×) state. The fertility after irradiation at 10-15 days in each genotype compared to that of p53 5A-1-4 mutant is indicated below by setting the fertility of irradiated p53 5A-1-4 mutant as 1.
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(2019) 9:11473 | https://doi.org/10.1038/s41598-019-47913-y www.nature.com/scientificreports www.nature.com/scientificreports/ induces death in germline cells in early-and mid-stage oogenesis. Cell death in the germarium occurs through apoptosis since both TUNEL and cleaved Dcp-1 positive cells were increased after irradiation (Figs 1b and 3d ) and TUNEL and cleaved Dcp-1-positive cells appeared in close vicinity (Fig. S4 ). Cell death after irradiation in the germarium required lok and p53, while these genes were not necessary for poor nutrition-induced cell death ( Fig. 2a,c) . Irradiation-induced cell death in the germarium also requires hid, but not reaper, and hid transcription is induced by irradiation in a p53-dependent manner throughout the germarium (Fig. 2b) although cell death occurs only in region 2 (Fig. 1c ). This is not surprising since hid is expressed both in cells that survive as well as in only a subset of cells that die 19 , suggesting that hid may be negatively regulated post-transcriptionally in the surviving cells. In support of this hypothesis, Hid is negatively regulated by EGFR signaling through MAPK-dependent phosphorylation 20 . The signaling pathway of cell death in mid-oogenesis by poor nutrition is unique in that it requires effector caspase Dcp-1 but not proapoptotic genes nor p53 18 . We also found that high-dose irradiation-induced cell death in mid-oogenesis does not require p53 (Fig. 2d) . These results indicate that at least three distinct signaling pathways induce cell death in female germline cells in response to stress at two developmental stages: lok-and p53-dependent cell death in the germarium after irradiation, lok-and p53-independent cell death in the germarium in response to poor nutrition, and p53-independent cell death in mid-oogenesis in response to both irradiation and poor nutrition.
In response to DNA damage, the GSCs of adult Drosophila females immediately arrest the cell cycle and repair the damaged DNA faster than their differentiated progeny 21 . DNA damage-induced apoptotic cell death in the GSCs is prevented by the repression of hid transcription through the receptor tyrosine kinase Tie-mediated signaling pathway activated by the survival signal from dying daughter cells 22 . More severe DNA damage results in the loss of the GSCs and a progeny differentiation defect in a lok-dependent manner 21 . Drosophila ATM, ATR, and p53, but not Chk1, are required for preventing DNA damage-induced loss of GSCs 21 . We found that the Drosophila p53 isoforms exhibit two functions in the GSCs after irradiation: both p53A and p53B were able to restore the number of GSCs by 6 days after high-dose irradiation (Fig. 6c ). Interestingly, irradiated GSCs maintained by p53A expression, but not by p53B, were functional, as observed in irradiated females with restored fertility (Fig. 7) . Since it takes approximately 10 days for the GSCs to develop into mature eggs and oogenesis does not undergo significant delay after irradiation 6 , the fertility of the irradiated females 10-15 days after irradiation is likely to represent the function of the irradiated GSCs. The mechanism of GSC maintenance by p53 has not yet been fully elucidated, despite previous reports providing some clues. DNA repair does not appear to be responsible since the repair kinetics determined by phosphorylated histone H2Av staining were similar in the wild type and p53 mutant GSCs 23 . Delay in entry into the cell cycle in the irradiated p53 mutant GSCs was observed 23 , suggesting that the reduced self-renewal may result in the loss of GSCs. In support of this, self-renewal of irradiated human p53-deficient hematopoietic stem cells has been shown to be compromised in a serial transplantation experiment 24 . Since the number and function of GSCs were found to be affected in the p53 mutant, p53 may be required for the proper differentiation of stem cells. In addition, p53 reporter activity is increased in GSCs after irradiation 23 , suggesting that the identification of p53 target genes in irradiated GSCs could facilitate our understanding of the mechanism of p53 in GSCs maintenance after severe DNA damage.
Fluorescence correlation spectroscopy analysis showed that approximately 60% of p53 proteins are in dimeric form in living cells and DNA damage induces rapid assembly into tetramers 16 . Even when the p53 level was decreased by translation inhibition, p53 target genes were induced after DNA damage suggesting that the tetramerization in the absence of increased total p53 protein levels was sufficient to activate transcription 16 . We found that the Drosophila p53A and p53B proteins overexpressed in the germline cells are not stabilized after irradiation (Fig. 4a ) and that they form a complex (Fig. 4b) . These findings suggest that tetramerization may be the major mechanism of p53 activation in Drosophila and the relative protein levels of p53A and p53B will affect the relative levels of hetero-and homo-tetramers and resultant target gene expression. The identification of the oligomer-specific target genes will provide insights into the novel functions of p53 in vivo.
In summary, we have shown that early oogenesis is very sensitive to irradiation and induces cell death in a p53A-and p53B-dependent manner, whereas low-level apoptosis is induced in mid-oogenesis only after high-dose irradiation in a p53-independent manner. Moreover, the p53A rather than the p53B isoform is responsible for maintaining the function of GSCs after high-dose irradiation. The apoptotic function of p53 in early germline cells is similar to that of somatic cells, while the p53A isoform shows a unique function in adult female GSCs. The Drosophila ovary will serve as a great model system to further elucidate the novel functions of p53 in stem cell biology.
Materials and Methods
Drosophila strains. All Drosophila strains were raised at 25 °C. Canton S or w 1118 were used as wild type controls. Drosophila strains were obtained from the Bloomington Drosophila Stock Center (BDSC; Bloomington, IN, USA) unless otherwise indicated. The lok p6 , p53 E4 , hid 05014 , and rpr 87 flies were provided by Drs. W. Theurkauf 25 , J. Chung 13 , H. Steller 19 , and K. White 26 , respectively. To generate flies expressing p53 isoforms, the cDNA for each isoform was cloned into a UASp vector and the transgenic flies were generated by germline mediated P-element transformation.
Sample preparation for immunoprecipitation and western blotting. Tissues from Drosophila
at adult or various developmental stages were homogenized with buffer containing 50 mM Tris-HCl pH 7.4, 0.5% Nonidet P-40, 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 20 mM NaVO 3 , 20 mM beta-glycerophosphate (Sigma-Aldrich; St. Louis, MO, USA), Protease Inhibitor Cocktail (Sigma-Aldrich), and 2 mM PMSF (Amresco; Solon, OH, USA). After centrifugation, the supernatants were used for immunoprecipitation or western blotting analysis following the standard procedures.
